We recorded P and S waves traveling through the oceanic lithosphere-asthenosphere system (LAS) using broadband ocean-bottom seismometers in the northwest Pacific, and we quantitatively separated the intrinsic (anelastic) and extrinsic (scattering) attenuation effects on seismic wave propagation to directly infer the thermomechanical properties of the oceanic LAS.The strong intrinsic attenuation in the asthenosphere obtained at higher frequency (~3 hertz) is comparable to that constrained at lower frequency (~100 seconds) by surface waves and suggests frequency-independent anelasticity, whereas the intrinsic attenuation in the lithosphere is frequency dependent. This difference in frequency dependence indicates that the strong and broad peak dissipation recently observed in the laboratory exists only in the asthenosphere and provides new insight into what distinguishes the asthenosphere from the lithosphere. P late tectonics is a unified framework that explains various phenomena on the surface of Earth; however, the physical mechanisms underlying plate tectonics are poorly understood. There is no consensus even on why the lithosphere (plates) and asthenosphere have different viscosities, and various efforts are being devoted to revealing their physical properties (1-5). Because the lithosphere-asthenosphere system (LAS) should be in its simplest form beneath the ocean, the characterization of its physical properties there is essential. Direct observation of the viscosity of the oceanic LAS is not currently feasible. Among various observable physical parameters, the frequency dependence of anelasticity is one of the most important, as anelasticity and viscosity are related through microphysics at the grain boundary of the mantle material. Although recent advances in broadband ocean-bottom seismology have confirmed the basic high-velocity lid and low-velocity zone (LVZ) structures (including anisotropy) (6-8) often associated with the lithosphere and asthenosphere, the anelastic structure remains poorly understood (9). Recent laboratory studies have begun to elucidate the wide spectrum of anelastic behavior in Earth's mantle, indicating that the frequency dependence of anelasticity is represented by peak dissipation superimposed on background dissipation (10, 11), although the conditions and/or mechanisms that define the shape and location of dissipation peaks are still under debate (11, 12) . The ability to confirm and characterize such peaks in the oceanic LAS would allow us to infer the thermomechanical conditions responsible for the viscosity contrast that separates the lithosphere and asthenosphere.
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P late tectonics is a unified framework that explains various phenomena on the surface of Earth; however, the physical mechanisms underlying plate tectonics are poorly understood. There is no consensus even on why the lithosphere (plates) and asthenosphere have different viscosities, and various efforts are being devoted to revealing their physical properties (1) (2) (3) (4) (5) . Because the lithosphere-asthenosphere system (LAS) should be in its simplest form beneath the ocean, the characterization of its physical properties there is essential. Direct observation of the viscosity of the oceanic LAS is not currently feasible. Among various observable physical parameters, the frequency dependence of anelasticity is one of the most important, as anelasticity and viscosity are related through microphysics at the grain boundary of the mantle material. Although recent advances in broadband ocean-bottom seismology have confirmed the basic high-velocity lid and low-velocity zone (LVZ) structures (including anisotropy) (6) (7) (8) often associated with the lithosphere and asthenosphere, the anelastic structure remains poorly understood (9) . Recent laboratory studies have begun to elucidate the wide spectrum of anelastic behavior in Earth's mantle, indicating that the frequency dependence of anelasticity is represented by peak dissipation superimposed on background dissipation (10, 11) , although the conditions and/or mechanisms that define the shape and location of dissipation peaks are still under debate (11, 12) . The ability to confirm and characterize such peaks in the oceanic LAS would allow us to infer the thermomechanical conditions responsible for the viscosity contrast that separates the lithosphere and asthenosphere.
The observational challenge for unraveling the anelastic structure originates in the difficulty of separating intrinsic (anelastic) and extrinsic (scattering, heterogeneity) attenuation effects in seismic records. Although broadband seismometers record waveforms over a wide frequency range (e.g.,~1000 s to 10 Hz), seismological analysis of anelasticity is limited to a narrow frequency band (13) . For lower-frequency waves (<~0.02 Hz), we can correct for the effects of extrinsic attenuation, or the effects of lateral heterogeneities also known as focusing or defocusing, to some extent if we know the larger-scale heterogeneities (>~1000-km wavelength). Several previous studies have introduced deterministic methods to account for these effects (13) , providing global attenuation tomography in the upper mantle (14) . However, the effect of lateral heterogeneities for higherfrequency waves, or scattering, is much more complicated (especially for >1 Hz) because of the larger travel distance relative to the seismic wavelength. The effect is not just the distortion of coherent waveforms, and substantial energy arrives long before or after the coherent-phase arrival times. This energy composes the incoherent parts of the seismogram (often called the coda).
Because scattering redistributes the energy of coherent seismic phases such as P, S, and surface waves into the coda, both anelasticity and scattering dissipate energy from the coherent phases. Deterministic approaches cannot be applied because we cannot resolve smaller-scale heterogeneities affecting wave propagation in these frequency ranges, although there have been deterministic studies making assumptions about the effects of heterogeneities (13, 15) . Alternatively, we can describe scattering as a stochastic process. Several studies have analyzed envelopes of scattered waves in this context to reveal both the anelasticity and scattering properties of the continental crust. However, many of these studies assumed that scattering properties and anelasticity are homogeneous in both the vertical and horizontal directions (16) (17) (18) . In this study, we used a Monte Carlo approach to conduct accurate numerical simulations for a medium with large vertical variations (19, 20) , which enabled us to determine anelasticity for higher-frequency waves (~3 Hz) in both the oceanic lithosphere and asthenosphere.
Observations of higher-frequency P and S waves traveling through the oceanic LAS, often called Po and So waves, as far as a few thousand kilometers from epicenters were thought to be caused by weak intrinsic attenuation and efficient energy trapping by scattering in the lithosphere ( Fig. 1A ) (21) (22) (23) (24) (25) (26) . However, previous studies have been largely restricted to qualitative comparisons between observed and synthetic seismograms owing to limitations of the available data. The sole exception (26) used the distance dependence of the sum of P and S coda energies to reveal scattering properties (or the presence of laminated heterogeneities) in the lithosphere. The broadband ocean bottom seismometer (BBOBS) arrays deployed in normal oceanic regions (i.e., regions without notable tectonic activity) by the Normal Oceanic Mantle Project between 2010 and 2015 recorded abundant waveforms for the aftershocks of the 2011 Tohoku earthquake (Fig. 1B) . We combined this data set with a quantitative numerical simulation approach (20) to independently resolve intrinsic (anelastic) and scattering attenuation. Whereas previous studies used synthetic seismograms for media with layered (22) or two-dimensional (2D) (23) (24) (25) (26) random heterogeneities, we used our simulation method synthesizing seismogram envelopes for 3D randomly heterogeneous media in spherical Earth (20) , which allowed a direct comparison between the observations and synthetics. In particular, we conducted systematic and quantitative analyses for the distance dependence of both Po and So envelope amplitudes, which are crucial to obtaining tight constraints on the anelasticity of the oceanic LAS.
Our data set covered a wide distance range (7°to 22°), which revealed the distance dependence of the envelopes in detail (Fig. 2) . One of the most distinctive features of Po and So waves is that the spatial attenuation is nearly constant regardless of the wave type (P or S) or frequency (27) . We parameterized the observed envelopes (Fig. 3A) , which exhibit nearly exponential decay (Figs. 2 and 3 , B and C). However, an analysis of a large number of events also revealed that the decay rate of the Po amplitudes at larger distances is slightly lower than that predicted by exponential decay (Figs. 2 and  3B ). Regarding the relative amplitudes of So over Po, we found that the ratio is almost independent of distance (Fig. 3C) . We conducted a grid search for intrinsic and scattering attenuation in the oceanic lithosphere and asthenosphere to find the optimal model to explain the distance dependence of the amplitudes, A p and A s , as well as the peak times, t p and t s . Our numerical analysis indicates that the decay rate of A p at smaller distances is primarily controlled by scattering attenuation in the lithosphere, but, at larger distances, is also controlled by intrinsic attenuation in the asthenosphere. The A p /A s ratio is primarily controlled by the relative importance of intrinsic and scattering attenuation in the lithosphere (see the supplementary materials for details).
Our preferred model shows strong intrinsic attenuation (Q s = 60, where Q s is the quality factor of the S wave, and Q −1 measures the strength of attenuation) in the asthenosphere, in sharp contrast with weak intrinsic attenuation (Q s = 3200) in the lithosphere. This optimal model successfully explains most of the observed features (Figs. 2 and 3, B and C) . The observed distance dependence of the Po amplitudes constrains the intrinsic attenuation in the asthenosphere to 30 < Q s < 100 (Fig. 3B) ; further increases in Q s cause an abrupt decrease in the decay rate of P envelopes at larger distances, whereas further decreases in Q s lead to constant decay rates at all distances. Both of these effects are inconsistent with the observed slight decrease in decay rate at larger distances. Changing the scattering in the asthenosphere does not have a notable impact on the envelopes. We can therefore conclude that strong intrinsic attenuation in the asthenosphere is robust and is resolved independently of scattering.
By contrast, our preferred model shows weak intrinsic attenuation (Q s = 3200) in the lithosphere. Our observation of distance independence in the ratio of So and Po amplitudes (Fig.   3C ) requires this weak attenuation. To show that our method can clearly separate intrinsic and scattering attenuation, which is critical for the accurate constraint of anelasticity in the lithosphere, we compared the synthetic envelopes for cases with increased intrinsic or scattering attenuation (figs. S5, A and B). An increase in intrinsic attenuation causes a more marked decrease in So amplitude than in Po amplitude, whereas scattering attenuation has a stronger effect on Po amplitude. Our results show clearly that the two types of attenuation have different impacts on the envelopes. Although the discussion above depends somewhat on our assumption of the absence of bulk attenuation, the conclusions remain the same as long as the bulk attenuation is less than 20% of the S-wave attenuation (see the supplementary materials for details).
Previous studies that analyzed global surface waves (~100 s) (14), regional surface waves (17 to Takeuchi 67 s) (28), or regional direct P waves (>1 Hz) (15) to determine the attenuation structure of the oceanic asthenosphere found that Q s = 50 to 100. These results are close to the PREM (Q s = 80) (29) and are consistent with our results. By contrast, for the lithosphere, the results of global surface-wave analysis (~60 s) (14) and the PREM (Q s = 600) (29) exhibit much stronger attenuation than our preferred model (Fig. 4A ). This suggests that the intrinsic attenuation has a strong frequency dependence in the lithosphere, which is consistent with a power law proportional to f −0.2~−0.4 , where f is the frequency, but a weak frequency dependence (at least, up to 3 Hz) in the asthenosphere.
The cause of strong attenuation in the oceanic asthenosphere is still under debate and has been previously attributed to the presence of partial melt (30) , increased water content (31), or reduced grain size (32) . The frequency dependence constrained by this study provides new insight into this problem. Laboratory experiments show that, while power-law frequency dependence is widely observed (10, 32) , partial melting generally results in weak frequency dependence (12) . Although similar spectrum shapes are observed even slightly below the solidus temperature in several experiments (10, 11) , our results (Fig. 4A) can be interpreted either way as the existence of a strong and broad absorption peak in the asthenosphere (Fig. 4B) . Recent experimental studies suggested that such peaks are related to melt and are probably the consequence of melt squirt (33, 34) . If those experiments are assumed to be relevant to the conditions of the oceanic LAS, our results indicate the presence of partial melt in the asthenosphere. However, other experimental studies suggested that such peaks are mostly related to a solid-state mechanism rather than melt squirt (11) , and, in that case, the existence of grain boundary softening characterizes the asthenosphere. In either case, the new constraints on the frequency dependence of the intrinsic attenuation presented here illuminate the thermochemical state of the LAS. Previous seismological studies primarily constrained the material properties and state of the oceanic LAS from correlations between S velocity and attenuation (35) for longerperiod surface waves. The results of this study show that seismology has now advanced sufficiently to allow direct probes of the broadband frequency dependence of intrinsic attenuation in the oceanic LAS. The methodology established in this study, together with further understanding of the physical mechanism of seismic attenuation, should eventually enable us to resolve the long-standing enigma of plate tectonics-i.e., which thermomechanical conditions distinguish the asthenosphere from the lithosphere.
